Ren Z, Rhyu M, Phan TT, Mummalaneni S, Murthy KS, Grider JR, DeSimone JA, Lyall V. TRPM5-dependent amilorideand benzamil-insensitive NaCl chorda tympani taste nerve response. Am J Physiol Gastrointest Liver Physiol 305: G106 -G117, 2013. First published May 2, 2013; doi:10.1152/ajpgi.00053.2013.-Transient receptor potential (TRP) subfamily M member 5 (TRPM5) cation channel is involved in sensing sweet, bitter, umami, and fat taste stimuli, complex-tasting divalent salts, and temperature-induced changes in sweet taste. To investigate if the amiloride-and benzamil (Bz)-insensitive NaCl chorda tympani (CT) taste nerve response is also regulated in part by TRPM5, CT responses to 100 mM NaCl ϩ 5 M Bz (NaCl ϩ Bz) were monitored in Sprague-Dawley rats, wild-type (WT) mice, and TRP vanilloid subfamily member 1 (TRPV1) and TRPM5 knockout (KO) mice in the presence of resiniferatoxin (RTX), a TRPV1 agonist. In rats, NaCl ϩ Bz ϩ RTX CT responses were also monitored in the presence of triphenylphosphine oxide, a specific TRPM5 blocker, and capsazepine and N-(3-methoxyphenyl)-4-chlorocinnamid (SB-366791), specific TRPV1 blockers. In rats and WT mice, RTX produced biphasic effects on the NaCl ϩ Bz CT response, enhancing the response at 0.5-1 M and inhibiting it at Ͼ1 M. The NaCl ϩ Bz ϩ SB-366791 CT response in rats and WT mice and the NaCl ϩ Bz CT response in TRPV1 KO mice were inhibited to baseline level and were RTX-insensitive. In rats, blocking TRPV1 by capsazepine or TRPM5 by triphenylphosphine oxide inhibited the tonic NaCl ϩ Bz CT response and shifted the relationship between RTX concentration and the magnitude of the tonic CT response to higher RTX concentrations. TRPM5 KO mice elicited no constitutive NaCl ϩ Bz tonic CT response. The relationship between RTX concentration and the magnitude of the tonic NaCl ϩ Bz CT response was significantly attenuated and shifted to higher RTX concentrations. The results suggest that pharmacological or genetic alteration of TRPM5 activity modulates the Bz-insensitive NaCl CT response and its modulation by TRPV1 agonists. triphenylphosphine oxide; resiniferatoxin; capsazepine; SB-366791; TRPV1 APPETITIVE AND AVERSIVE NEURAL and behavioral responses to NaCl are most likely transduced by a variety of mechanisms (35). Several studies suggest that in the anterior tongue Na ϩ from a Na ϩ salt taste stimulus enters a subset of taste bud cells by at least two types of cation channels located in taste cell apical membranes. One channel type is the Na ϩ -specific epithelial Na ϩ channel (ENaC), in which Na ϩ transport is inhibited by amiloride and benzamil (Bz) (1, 3, 8) . The second involves Na ϩ transport through a putative transient receptor potential (TRP) vanilloid subfamily member 1 (TRPV1t)-nonspecific cation channel (26, 27) . The TRPV1t channel is insensitive to amiloride and Bz, permeable to Na ϩ , K ϩ , NH 4 ϩ , and Ca 2ϩ , and contributes to cell depolarization (31). These conclusions are supported by the observations that the phasic (transient) and tonic (steady-state) components of the chorda tympani (CT) taste nerve response to NaCl are inhibited to the baseline rinse level in TRPV1 knockout (KO) mice stimulated with NaCl ϩ Bz and in wild-type (WT) mice and rats in the presence of NaCl ϩ Bz ϩ N-(3-methoxyphenyl)-4-chlorocinnamid (SB-366791, a TRPV1 blocker) (26, 27). Several agonists and antagonists of TRPV1 modulate the Bz-insensitive NaCl CT responses in animal models and alter human salt taste (11, 20, 26 -30, 40, 41, 48). TRPV1 expression has been observed immunohistochemically in primary afferents and also in oral epithelial cells in the rat tongue (18, 21) and in human taste cell lines from lingual epithelium by 17) . A recent study identified TRPV1 rs8065080 (C Ͼ T) singlenucleotide polymorphism as a likely modifier of an individual's perception of salt at suprathreshold levels (12).
APPETITIVE AND AVERSIVE NEURAL and behavioral responses to NaCl are most likely transduced by a variety of mechanisms (35) . Several studies suggest that in the anterior tongue Na ϩ from a Na ϩ salt taste stimulus enters a subset of taste bud cells by at least two types of cation channels located in taste cell apical membranes. One channel type is the Na ϩ -specific epithelial Na ϩ channel (ENaC), in which Na ϩ transport is inhibited by amiloride and benzamil (Bz) (1, 3, 8) . The second involves Na ϩ transport through a putative transient receptor potential (TRP) vanilloid subfamily member 1 (TRPV1t)-nonspecific cation channel (26, 27) . The TRPV1t channel is insensitive to amiloride and Bz, permeable to Na ϩ , K ϩ , NH 4 ϩ , and Ca 2ϩ , and contributes to cell depolarization (31) . These conclusions are supported by the observations that the phasic (transient) and tonic (steady-state) components of the chorda tympani (CT) taste nerve response to NaCl are inhibited to the baseline rinse level in TRPV1 knockout (KO) mice stimulated with NaCl ϩ Bz and in wild-type (WT) mice and rats in the presence of NaCl ϩ Bz ϩ N-(3-methoxyphenyl)-4-chlorocinnamid (SB-366791, a TRPV1 blocker) (26, 27) . Several agonists and antagonists of TRPV1 modulate the Bz-insensitive NaCl CT responses in animal models and alter human salt taste (11, 20, 26 -30, 40, 41, 48) . TRPV1 expression has been observed immunohistochemically in primary afferents and also in oral epithelial cells in the rat tongue (18, 21) and in human taste cell lines from lingual epithelium by RT-PCR (16, 17) . A recent study identified TRPV1 rs8065080 (C Ͼ T) singlenucleotide polymorphism as a likely modifier of an individual's perception of salt at suprathreshold levels (12) .
We previously showed that changes in intracellular Ca 2ϩ , protein kinase C, calcineurin, and phosphatidylinositol 4,5-bisphosphate (PIP 2 ) in fungiform taste receptor cells (TRCs) regulate the Bz-insensitive NaCl CT response (9, 31, 32) . However, whether one or more bitter, sweet, and umami taste-specific intracellular signaling intermediates also modulate the Bz-insensitive salt response has not been tested. The enzyme PLC␤ 2 and the TRP subfamily M member 5 (TRPM5) cation channel are expressed in a subset of taste cells and are necessary for the perception of sweet, bitter, and umami taste stimuli (7, 50) . However, the role of TRPM5 is by no means restricted to the sensing of sweet, bitter, and umami taste. It is suggested that the sensory attributes of complex-tasting divalent salts are also mediated by TRPM5 and TRPV1 channels (42) . TRPM5 is also essential for fat taste (23) and for linoleic acid-induced CCK secretion from the enteroendocrine cell line STC-1 (44) . TRPM5 is a highly temperature-sensitive, heatactivated channel that may underlie known effects of temperature on perceived taste, including the enhanced sweetness perception at high temperatures, in humans (46) .
To better understand the intracellular signals involved in the neural responses to NaCl, we tested if the Bz-insensitive NaCl response is also partially dependent on TRPM5 and PLC␤ 2 activity. We monitored the CT response to 100 mM NaCl ϩ 5 M Bz in Sprague-Dawley rats, WT mice, TRPV1 KO mice, TRPM5 KO mice, and PLC␤ 2 KO mice in the absence and presence of varying concentrations of the TRPV1 agonist resiniferatoxin (RTX). In rats, CT responses were also monitored after topical lingual application of triphenylphosphine oxide (TPPO), a specific blocker of the TRPM5 cation channel (38) , and in the presence of capsazepine (CZP) and SB-366791, specific blockers of TRPV1 and the Bz-insensitive NaCl CT response (15, 26, 27) . Our results show that the CT response at 100 mM NaCl was significantly smaller in TRPM5 KO than WT mice. However, at high NaCl concentration (300 mM), the CT response was not different between the two genotypes. The difference in the CT response to 100 mM NaCl between WT and TRPM5 KO mice was due to the absence of the Bz-insensitive component of the NaCl CT response in TRPM5 KO mice. There was no difference in the Bz-sensitive component of the NaCl CT response between the two genotypes. The dose-response relationship between RTX concentration and the magnitude of the Bz-insensitive tonic NaCl CT response was significantly attenuated and was shifted to higher RTX concentrations in TRPM5 KO than WT mice. A similar shift in the RTX dose-response relationship was observed when TRPM5 activity was inhibited with TPPO or when TRPV1 activity was inhibited with CZP. Taken together, our results suggest that pharmacological or genetic alteration of TRPM5 activity in TRCs modulates the Bz-insensitive NaCl CT response at low NaCl concentrations in the absence and presence of TRPV1 modulators.
MATERIALS AND METHODS
CT taste nerve recordings. Animals were housed in the Virginia Commonwealth University animal facility in accordance with institutional guidelines. All animal protocols were approved by the Institutional Animal Care and Use Committee of Virginia Commonwealth University. Female Sprague-Dawley rats (150 -200 g body wt; Charles River, Wilmington, MA) were anesthetized by intraperitoneal injection of pentobarbital sodium (60 mg/kg; Sigma-Aldrich, St. Louis, MO), and supplemental pentobarbital sodium (20 mg/kg) was administered as necessary to maintain surgical anesthesia. The animal's corneal reflex and toe-pinch reflex were used to monitor the depth of surgical anesthesia. Body temperatures were maintained at 37°C with a Deltaphase isothermal pad (model 39 DP, Braintree Scientific, Braintree, MA). The left CT nerve was exposed laterally as it exited the tympanic bulla and placed onto a 32-gauge platinumiridium wire electrode. Stimulus solutions maintained at room temperature were injected into a Lucite lingual perfusion chamber (3 ml at 1 ml/s) affixed by vacuum to a 28-mm 2 patch of anterior dorsal lingual surface. CT responses were recorded under zero lingual current clamp and analyzed as described previously (20) .
CT responses were also monitored in WT (C57BL/6J) mice and homozygous TRPV1 KO mice (B6.129S4-Trpv1 tmijul , Jackson Laboratory, Bar Harbor, ME), TRPM5 KO mice (obtained from Dr. Charles Zuker, University of California, San Diego), and PLC␤2 KO mice (obtained from Dr. Stephen D. Roper, University of Miami). Mice (30 -40 g body wt) were anesthetized by intraperitoneal injection of pentobarbital sodium (30 mg/kg), and supplemental pentobarbital sodium (10 mg/kg) was administered as necessary to maintain surgical anesthesia. Because our lingual perfusion chamber is too large for the mouse tongue, CT recordings were made in mice while the anterior tongue was stimulated by perfusion of the rinse solution or taste stimuli (3 ml) at the rate of 1 ml/s. The rest of the procedure was the same as described above for rats. At the end of each experiment, animals were humanely killed by an intraperitoneal overdose of pentobarbital sodium (ϳ195 mg/kg body wt for rats and 150 mg/kg body wt for mice).
The rinse solution (R) was 10 mM KCl, and stimulating solutions contained 100 mM NaCl; 100 mM NaCl ϩ 5 M Bz, a specific blocker of ENaC; 100 mM NaCl ϩ 5 M Bz ϩ 1 M SB-366791 (SB), a specific blocker of TRPV1; 100 mM NaCl ϩ 5 M Bz ϩ RTX (0 -10 M), a specific agonist of TRPV1 (26, 27) ; and 100 mM NaCl ϩ 5 M Bz ϩ RTX (0 -10 M) ϩ 10 M CZP, a blocker of TRPV1. Bz, SB, CZP, and RTX were obtained from Sigma-Aldrich.
In some experiments, CT responses were monitored in rats before and after the topical lingual application of TPPO (Fisher Scientific, Pittsburgh, PA), a specific blocker of the TRPM5 cation channel (38) . TPPO was directly dissolved in DMSO (Sigma-Aldrich) and applied topically to the dorsal surface of the rat tongue for 20 min at a concentration of 2 mM. After 20 min, the tongue was thoroughly washed with the rinse solution for 10 min before the CT recordings. We previously showed that topical application of DMSO alone does not alter CT responses to taste stimuli (24) . Typically, stimulus solutions remained on the tongue for 1 min. Control stimuli consisting of 300 mM NH 4Cl and 300 mM NaCl applied at the beginning and end of the experiment were used to assess preparation stability (31, 32) . As in our previous studies, the control responses did not differ by more than 2-5% at the beginning and end of the experiment (11, 48) . The stimulus series used in the CT experiments to generate the relationship between RTX concentration and the magnitude of the NaCl ϩ Bz CT response was as follows: R ¡ 300 mM NH 4Cl ¡ R ¡ 300 mM NaCl ¡ R ¡ 100 mM NaCl ¡ R ¡ (100 mM NaCl
The R ¡ (NaCl ϩ Bz ϩ RTX) ¡ R step was repeated for each concentration of RTX between 0 and 10 M. At the end of the RTX concentration series, the control stimuli were again applied (R ¡ 300 mM NH 4Cl ¡ R ¡ 300 mM NaCl ¡ R). In additional series, the stimulating solutions were 100 mM NaCl ϩ 5 M Bz ϩ 1 M SB ϩ RTX or 100 mM NaCl ϩ 5 M Bz ϩ 10 M CZP ϩ RTX.
In CT experiments, the tonic (steady-state) part of the NaCl CT responses was quantified. For quantification of the tonic part of a response, the area under the response vs. time curve was taken over the final 30 s of the response. To normalize this result, this area was divided by the area under the 300 mM NH 4Cl response curve over the final 30 s of the tonic response period. In some CT experiments, we also quantified the transient (phasic) part of the NaCl CT response. For quantification of the phasic part of the CT response, the height of the stimulus-induced maximum CT response relative to the baseline response was divided by the mean steady-state (tonic) response to 300 mM NH 4Cl. We also quantified the transient (phasic) response to the application of rinse solution to a tongue already superfused with the rinse solution (rinse artifact). The normalized data are reported as means Ϯ SE of the number of animals (n) or percent change in tonic NaCl CT response relative to the response of NaCl ϩ Bz in the control (6). Student's t-test was employed to analyze the differences between sets of data. Since we are comparing the normalized CT responses to NaCl ϩ Bz before and after RTX in the same CT preparation, a paired t-test was used to evaluate statistical significance. Comparisons between two strains of mice were made using an unpaired t-test (GraphPad).
For clarity, the points on the graphs of the mean normalized tonic responses vs. the logarithm of the RTX concentration were connected by smooth curves. The curves were generated using a fitting function that models the characteristic biphasic property of the agonists of TRPV1. The biphasic property has been observed with every agonist of TRPV1t thus far examined (6, 11, 20, 26 -30, 48) . The fitting function was R ϭ r ϩ bh͑x͒
where
and
where R is the response, x is the logarithm of the RTX concentration (mol/l), and a, b, d, m, n, and r are parameters chosen by least-squares criteria.
RESULTS
Effect of RTX on the NaCl ϩ Bz CT response in rats. Consistent with previous studies (20, 26, 27, 29 -32, 48) , RTX, a specific TRPV1 agonist, produced a biphasic effect on the rat CT response to 100 mM NaCl ϩ 5 M Bz. RTX at 0.5-1 M enhanced the tonic CT response (Fig. 1, A and B) . At Ͼ1 M RTX, the NaCl ϩ Bz CT response was inhibited. At 5 M RTX, the response was the same as control. At 10 M RTX, the response was below the control value. As expected, Bz inhibited the NaCl CT response ( Fig. 1C ; P ϭ 0.0001 by paired t-test, n ϭ 3). In the presence of Bz ϩ 1 M SB-366791, the entire NaCl tonic CT response was inhibited to the baseline rinse level (Fig. 1C) . RTX at 1 M increased the NaCl ϩ Bz tonic CT response ( Fig. 1C ; P ϭ 0.0036); however, it did not enhance the CT response above the baseline rinse level to lingual stimulation with NaCl ϩ Bz ϩ SB-366791 (Fig. 1C) . These results show that SB-366791 inhibits the constitutive Bz-insensitive NaCl CT response and the RTX-induced enhancement of the NaCl ϩ Bz CT response.
Effect of TPPO on the CT response to quinine. Topical lingual application of 2 mM TPPO, a specific blocker of TRPM5 (38) , partially inhibited the CT response to 20 mM quinine ( Fig. 2 ; P ϭ 0.023 by unpaired t-test, n ϭ 3). These results indicate that topical lingual application of 2 mM TPPO is sufficient for the drug to diffuse below the tight junctions to partially inhibit TRPM5 localized in the basolateral membrane of a subset of TRCs (19) .
Effect of TPPO and CZP on the Bz-insensitive NaCl CT responses in the absence and presence of RTX. As shown in a representative CT trace, after topical lingual application of 2 mM TPPO (Fig. 3B) , the mean normalized tonic CT response to 100 mM NaCl ϩ 5 M Bz increased in the presence of RTX (Fig. 3C) . While under control conditions the maximum increase in the Bz-insensitive NaCl CT response was observed at 1 M RTX (Fig. 3 , A and C), the maximum increase in the CT response following TPPO treatment was observed at 3 and 10 M RTX relative to 0 RTX. P values at 0.75, 3, and 10 M RTX were 0.04, 0.011, and 0.009, respectively, relative to 0 RTX. We hypothesize that, after TPPO treatment, higher concentrations of RTX may be needed to inhibit the CT response to the level at 0 RTX. TPPO decreased the magnitude of the NaCl ϩ Bz ϩ RTX tonic CT response and shifted the relationship between the RTX concentration and the magnitude of the tonic CT response to the right on the RTX concentration axis relative to control (Fig. 3C) . These results suggest that modulation of the Bz-insensitive NaCl CT response by RTX is partially dependent on TRPM5 activity in a subset of TRCs.
To directly test if the inhibition of the putative TRPV1t cation channel results in a shift in the relationship between the agonist concentration and the magnitude of the Bz-insensitive NaCl CT response, further experiments were performed in 100 mM NaCl and 100 mM NaCl ϩ 5 M Bz solutions containing 10 M CZP. As shown by the representative CT trace ( Fig. 4A ) and our earlier studies (26, 27) , under control conditions, RTX produced a biphasic effect on the CT response in the presence of NaCl alone or NaCl ϩ Bz. We compared normalized CT responses to NaCl alone or to NaClϩBz at two RTX concentrations, 0 and 1 M. As shown in Fig. 4C , the Bz-sensitive component of the NaCl CT response [NaCl-(NaCl ϩ Bz)] and the RTX-induced enhancement of the NaCl and NaCl ϩ Bz CT response were not different from each other. Similarly, we did not observe differences in the Bz-sensitive component of the NaCl CT response and the RTX-induced increase in the CT response in the presence of NaCl or NaCl ϩ Bz at other RTX concentrations (data not shown). In our previous studies (6), modulators of TRPV1/TRPV1t did not alter CT responses in . C: rat CT responses to lingual application of a rinse solution (10 mM KCl), 100 mM NaCl, 100 mM NaCl ϩ 5 M Bz, 100 mM NaCl ϩ 5 M Bz ϩ 1 M RTX, 100 mM NaCl ϩ 5 M Bz ϩ 1 M SB, and 100 mM NaCl ϩ 5 M Bz ϩ 1 M SB ϩ 1 M RTX. In each rat, the Bz-insensitive NaCl CT responses were normalized to the corresponding CT responses obtained with 300 mM NH4Cl. Values are means Ϯ SE of 3 animals. *P ϭ 0.0036 (paired). the presence of NaCl ϩ SB-366791, again demonstrating that TRPV1/TRPV1t modulators do not alter the Bz-sensitive component of the NaCl CT response. These results demonstrate that RTX modulates only the Bz-insensitive NaCl CT response.
In the presence of 10 M CZP, the RTX-induced increase in the CT response to NaCl or NaCl ϩ Bz was attenuated and the relationship between RTX concentration and the magnitude of the CT response was shifted to the right on the RTX concentration axis (Fig. 4B) . The mean normalized rat CT responses to NaCl ϩ Bz ϩ RTX in the absence and presence of 10 M CZP are summarized in Fig. 4D . In the presence of CZP, RTX still produced biphasic effects on the NaCl ϩ Bz tonic CT response. However, the relationship between RTX concentration and the magnitude of the NaCl ϩ Bz tonic CT response is shifted downward and to the right on the RTX concentration axis relative to control (Fig. 4D) .
Studies with WT and KO mice. We recorded CT responses to 10 and 20 mM quinine in WT and TRPM5 KO mice. As expected (36) , the WT mice responded with a concentrationdependent increase in the CT response to 10 and 20 mM quinine (Fig. 5A) . In contrast, TRPM5 KO mice elicited only transient phasic CT responses to 10 and 20 mM quinine. No tonic CT response to 10 and 20 mM quinine above the baseline rinse level was observed in TRPM5 KO mice (Fig. 5, A and B) .
In TRPM5 KO mice, the tonic CT response to quinine was eliminated. Furthermore, the phasic CT response to quinine was TRPM5-independent. These studies are consistent with the observation that neural responses to bitter compounds are significantly attenuated in TRPM5 KO mice (7, 50) . In contrast to TRPM5 KO mice, even at high TPPO concentrations (2 mM), only partial inhibition of the quinine CT response was observed in rats (Fig. 2) . Since TRPM5 is localized in the basolateral membrane of a subset of TRCs (19) , significantly higher concentrations of TPPO may have to be applied topically to the tongue for it to diffuse below the tight junctions to completely inhibit the TRPM5 activity and the CT response to quinine to the baseline rinse level. We did not test the effect of TPPO in WT mice. We predict that TPPO will have the same effect in WT mice.
We recorded CT responses to 300 and 100 mM NaCl in WT and TRPM5 KO mice. While the mean normalized tonic CT response to 300 mM NaCl was not different between WT and TRPM5 KO mice (Fig. 5C ), the tonic response to 100 mM NaCl was significantly lower in TRPM5 KO than WT mice. To determine if the difference between the CT responses is due to the Bz-sensitive or Bz-insensitive component of the NaCl CT response, neural responses were monitored in the presence of 5 M Bz, a potent blocker of ENaC. At 100 mM NaCl, the WT mice demonstrated a Bz-sensitive and a Bz-insensitive component of the CT response (Fig. 6A) . However, in TRPM5 KO mice, Bz inhibited the NaCl tonic CT response to the baseline rinse level (Figs. 5C and 6B ). These results demonstrate that, at low NaCl concentrations (100 mM), TRPM5 KO mice lack the constitutive Bz-insensitive NaCl CT response. In contrast, the normalized Bz-sensitive (ENaC-dependent) component of the NaCl CT response was not different between the TRPM5 KO and WT mice (Fig. 5C ).
To further characterize the differences in the Bz-insensitive NaCl CT responses in WT and TRPM5 KO mice in situ, we generated the relationship between RTX concentration and the magnitude of the tonic CT response to 100 mM NaCl ϩ 5 M Bz in the two mouse strains (Figs. 6 and 7). Consistent with our previous data (20, 26, 27, 29 -32, 48) , in WT mice (Fig. 6A ), RTX produced a biphasic effect on the NaCl ϩ Bz CT response. Similar to the case with rats (Fig. 1, A and B) , in WT mice, 1 M RTX produced a maximum enhancement of the NaCl ϩ Bz CT response. In contrast to the WT mice (Figs. 6A and 7A), TRPM5 KO mice elicited no Bz-insensitive NaCl CT response (Figs. 6B and 7A), and the relationship between RTX concentration and the magnitude of the NaCl ϩ Bz response was shifted downward and to the right on the RTX concentration axis. As shown in Fig. 7B , the normalized peak NaCl ϩ Bz phasic CT response in TRPM5 KO mice was significantly smaller than its value in WT mice but was not significantly different from the rinse artifact (Fig. 7B) . At 1 M, RTX enhanced the phasic CT response in WT and TRPM5 KO mice; however, the enhancement was significantly smaller in TRPM5 KO than WT mice. These results show that, at 100 mM NaCl, phasic and tonic components of the Bz-insensitive NaCl CT response are diminished in TRPM5 KO mice relative to their values in the WT mice.
Similar to TRPM5 KO mice, TRPV1 KO mice also did not elicit a CT response to 100 mM NaCl ϩ 5 M Bz. However, in TRPV1 KO mice, the NaCl ϩ Bz ϩ RTX tonic CT response remained at the baseline rinse level over the entire RTX concentration range (0 -10 M) (Fig. 7A) (48) . In TRPV1 KO mice, the phasic CT response decreased to the rinse artifact level and was not altered in the presence of 1 M RTX (Fig.  7B) . These results show that phasic and tonic components of the Bz-insensitive NaCl CT response are inhibited to the baseline rinse levels in TRPV1 KO mice (31) . Since PLC␤ 2 and TRPM5 are essential downstream intracellular signaling effectors in sweet, bitter, and umami taste transduction, we next tested if Bz-insensitive NaCl CT responses in the absence and presence of RTX are also dependent on PLC␤ 2 activity. Unlike TRPV1 and TRPM5 KO mice, PLC␤ 2 KO mice elicited a Bz-sensitive and Bz-insensitive NaCl CT response. Varying RTX concentrations modulated the NaCl ϩ Bz CT responses in a biphasic manner (Fig. 8A) . Similar to rats and WT mice, in PLC␤ 2 KO mice, 1 M RTX produced a maximum increase in the NaCl ϩ Bz tonic CT response (Fig. 8B) . These studies suggest that the Bz-insensitive NaCl CT response is specifically inhibited by pharmacological blocking or genetic silencing of the TRPM5 cation channel in TRCs but is not affected by genetic elimination of the PLC␤ 2 enzyme activity.
DISCUSSION
Relationship between TRPV1/TRPV1t and TRPM5 and Bzinsensitive NaCl CT responses. We observed significant differences in the CT response between TRPM5 KO and WT mice at low (100 mM), but not high (300 mM), NaCl concentration (Fig. 5C ). Consistent with these results, Damak et al. (7) also reported significant differences in the CT responses between TRPM5 KO and C57BL/6J control mice at lower (30 and 100 mM), but not higher (300 and 1,000 mM), NaCl concentrations. In our studies, we used TRPM5 KO mice with a partial deletion of TRPM5, such that they retain most of the amino-terminal portion of the gene (50) . In contrast, Damak et al. used TRPM5 KO mice null for TRPM5 protein expression. Thus, despite slight differences in the TRPM5 KO mice construct, in both studies TRPM5 KO mice show significantly smaller NaCl CT responses at low (100 mM), but not high (300 mM), NaCl concentrations. In contrast, in two other studies, TRPM5 KO mice gave a normal CT response to 100 mM NaCl normalized to the CT response to 100 mM citric acid (50) or to 100 mM NH 4 Cl (46) relative to C57BL/6J control mice. Since the difference in the magnitude of the NaCl CT response between the two genotypes is small ( Fig. 5C; ϳ25-30% ), several factors, including large variations in the CT response between individual animals, differences in the normalization, and the method used to record the CT responses, may have contributed to masking the difference between the NaCl CT responses in the above-mentioned studies.
In earlier studies (7, 50) , in WT and TRPM5 KO mice, amiloride was not used while CT responses to NaCl were recorded. Thus the magnitudes of the Bz-sensitive and Bzinsensitive components of the NaCl CT response were not quantified in the two genotypes in earlier studies (7, 46, 50) . Our results using Bz show that the difference in the CT response between TRPM5 KO and WT mice at 100 mM NaCl is due to the absence of the Bz-insensitive component of the NaCl CT response in TRPM5 KO mice (Figs. 5C, 6, and 7) . We did not observe any differences in the Bz-sensitive ENaCdependent component of the NaCl CT response between the two genotypes. These results indicate that TRPM5 KO mice demonstrate a specific decrease in the Bz-insensitive NaCl CT response, while the Bz-sensitive NaCl CT response remains the same as in WT mice. These results suggest that the Bzsensitive and Bz-insensitive NaCl CT responses not only originate in different taste cells within the taste bud but are also regulated independently of each other (3, 35) .
WT and TRPM5 KO mice also showed marked differences in the relationship between RTX concentration and the magnitude of the tonic CT response to NaCl ϩ Bz (Figs. 6 and 7) . While in WT mice RTX produced biphasic changes in the NaCl ϩ Bz tonic CT response with a maximum increase in the CT response at 1 M RTX, in TRPM5 KO mice the RTX dose-response curve was shifted to higher RTX concentrations and the enhancement of the CT response in the presence of RTX was significantly blunted relative to control. The results in TRPM5 KO mice were confirmed using TPPO, a pharmacological blocker of TRPM5 in rats. It is important to note that although the concentration of TPPO used in our experiments (2 mM) did not inhibit the CT response to quinine (Fig. 2) or to 100 mM NaCl ϩ 5 M Bz (Fig. 3) to the baseline rinse level, the RTX dose-response curve was shifted to higher RTX concentrations and the RTX-induced enhancement of the CT response was significantly blunted relative to control. Taken together, the data from TRPM5 KO mice and rats treated with TPPO suggest that inhibition of TRPM5 produces significant changes in the constitutive Bz-insensitive NaCl CT response and its modulation by RTX. As stated above, exposure of the lingual surface to significantly higher concentrations of TPPO for longer durations may be necessary for it to diffuse below the tight junctions to completely inhibit the TRPM5 activity in the basolateral membrane of TRCs (19) .
The constitutive Bz-insensitive NaCl response is blocked by submicromolar concentrations of the TRPV1 blockers SB-366791 and CZP in WT mice (Fig. 1) , Sprague-Dawley rats, alcohol-preferring (P) rats, and alcohol-non-preferring (NP) rats (6, 26) . In addition, several low-affinity blockers that inhibit the Bz-insensitive NaCl CT response in the micromolarto-millimolar range include RTX, capsaicin, cetylpyridinium chloride, Maillard reacted peptides (MRPs), N-geranylcyclopropylcarboximide, ethanol, and nicotine (6, 11, 20, 26, 27, 29, 30, 40, 41, 48) . Our whole nerve data are supported by the effect of TRPV1 agonists on single CT nerve fibers. In the CT nerve, a subset of the broadly tuned E-type fibers (presumably the amiloride-insensitive fibers) demonstrated enhancement and another subset of E-type fibers showed suppression of the NaCl response when the rat tongue was stimulated with a mixture containing 100 mM NaCl ϩ 326 M capsaicin (37) . It is likely that single units in the CT nerve have variable capsaicin dose-response relationships. In our earlier studies (26) , capsaicin produced maximum enhancement and inhibition of the Bz-insensitive NaCl CT response at 40 and 200 M, respectively. In contrast to the above studies, Breza and Contreras (2) reported that SB-366791 and cetylpyridinium chloride did not alter CT nerve or single-cell responses. The lack of effect of these antagonists may be related to significant differences in the methodology used: 1) in the study of Breza and Contreras, the CT responses were recorded while the tongue was perfused at a significantly slower flow rate (50 l/s vs. 1 and then with 300 mM NH4Cl, 300 mM NaCl, 100 mM NaCl, and 100 mM NaCl ϩ 5 M Bz. In each mouse, the Bz-insensitive NaCl CT responses were normalized to the corresponding tonic CT responses obtained with 300 mM NH4Cl. Values are means Ϯ SE of number of animals in parentheses. *P ϭ 0.0007; **P ϭ 0.0001 (paired).
ml/s in our study); 2) the rinse solution was artificial saliva vs. 10 mM KCl in our study; 3) the tongue was superfused with solutions maintained at 35°C vs. room temperature in our study; and 4) a short sampling time of 5 s or 60 s in conjunction with slow flow rate. We previously showed that flow rate and temperature have significant effects on the NaCl CT response in the absence and presence of Bz (26) . In our studies, at slow flow rates (ϳ133 l/s), the phasic component of the CT response to NaCl and HCl was not observed and the tonic CT response reached its maximum value ϳ2 min after the stimulation onset (25, 26) .
The constitutive Bz-insensitive NaCl response is modulated by changes in TRC Ca 2ϩ concentration, protein kinase C, calcineurin, and membrane PIP 2 levels (31, 32). It is spontaneously upregulated in P rats relative to NP rats. Exposure of NP rats to oral ethanol in a no-choice paradigm upregulated the Bz-insensitive NaCl CT response relative to that of the naive NP rats (6). Naive P rats and NP rats exposed to ethanol demonstrated enhancement of the NaCl ϩ Bz CT response in the presence of RTX, with the maximum enhancement of the neural response at 1 M. At low NaCl concentrations (2-32 mM), the amiloride-insensitive NaCl CT response was enhanced in the A/J mouse (5, 34) . TRPM5 KO mice also show a deficit in the CT response at low NaCl concentrations only (30 and 100 mM) (7).
Consistent with our previous studies (26, 27) , the spontaneous Bz-insensitive NaCl CT response was absent in TRPV1 KO mice (Fig. 1) . Unlike WT mice, TRPV1 KO mice did not respond to RTX, ethanol, GalA-MRPs, and nicotine with an increase in the CT response above the baseline rinse level (6) . However, in another study, CT responses to a concentration series of NaCl with and without amiloride did not differ between the two genotypes (45). As stated above, the differences between our results and the findings reported by Smith et al. (45) may be related to significant differences in the methods used in the two studies. In our studies, putative TRPV1/ TRPV1t agonists and antagonists show similar effects in WT mice, PLC␤ 2 KO mice, Sprague-Dawley rats, P rats, and NP rats (6) . The nonpungent agonists of TRPV1/TRPV1t-dependent Bz-insensitive NaCl CT responses modulate human salt taste in a biphasic manner (11, 20) . Thus the effects of TRPV1/TRPV1t agonists/antagonists are strain-and agonistindependent. The constitutive Bz-insensitive NaCl CT response is not observed in TRPV1 and TRPM5 KO mice, and in rats and WT mice it is inhibited by a variety of low-and high-affinity antagonists. In our studies, phasic and tonic components of the Bz-insensitive NaCl CT response are inhibited in TRPM5 and TRPV1 KO mice. It is likely that phasic and tonic components of the salt response originate in different cell types and have different transduction mechanisms (9, 10, 33).
However, a major difference between TRPV1 KO mice and TRPM5 KO mice is that, in TRPV1 KO mice, the channel is not expressed globally and the Bz-insensitive NaCl response remains at the baseline rinse level in the presence of a wide range of RTX concentrations (48) . Similarly, in rats and WT mice, in the presence of SB-366791, the spontaneous Bzinsensitive NaCl CT response is inhibited to the baseline rinse level and the CT response does not increase above the baseline rinse level in the presence of a wide range of agonist concentrations. In TRPM5 KO mice, the putative TRPV1t cation channel is inhibited, but its activity can be elevated to some extent in the presence of high concentrations of RTX (Figs. 6 and 7). In our previous studies, inhibiting the spontaneous putative TRPV1t activity by increasing TRC intracellular Ca 2ϩ concentration, altering the phosphorylation state of the channel protein, or increasing membrane PIP 2 levels (31, 32) did not result in a shift in relationship between the agonist concentration and the magnitude of the Bz-insensitive NaCl CT response. Therefore, the rightward shift in the RTX dose-response curve cannot be due to the changes in the phosphorylation/dephosphorylation state of the putative TRPV1 channel protein or changes in membrane PIP 2 levels. However, in our studies, in the presence of a subthreshold concentration of a TRPV1 blocker, CZP (10 M), the RTX dose-response curve was shifted to the right on the RTX concentration axis and the RTX-induced enhancement of the CT response was significantly blunted relative to control (Fig. 4) . It is important to note that this concentration of CZP is significantly less than the CZP concentration (100 M) that blocks 50% of the enhancement of the NaCl ϩ Bz CT response in the presence of 0.75 M RTX (26).
We previously showed that TRPV1 KO mice elicited CT responses to monosodium glutamate (MSG) ϩ Bz ϩ SB-366791 and MSG ϩ Bz ϩ SB-366791 ϩ IMP that were not different from those observed in WT mice (32) . In our earlier studies, 10 M RTX inhibited the rat Bz-insensitive NaCl CT response to baseline but did not alter CT responses to quinine or sucrose (26) . In addition, 1 M SB-366791 inhibited the rat Bz-insensitive NaCl CT response to baseline but did not alter CT responses to quinine and sucrose and the IMP-induced increase in the CT response to MSG ϩ Bz (32) . These results would tend to support the notion that TRPV1t inhibition does not affect TRPM5 activity in type II cells within the taste bud. The results of the present study suggest that inhibition of TRPM5 activity attenuates the putative TRPV1/TRPV1t channel activity and results in the rightward shift of the RTX dose-response curve.
Relationship between neural and behavioral responses in WT and KO mice. The differences in the Bz-insensitive NaCl CT responses are most likely related to the reported behavioral difference between WT and KO mice. In two-bottle 48-h Fig. 6 , the Bzinsensitive NaCl CT responses were normalized to the corresponding CT responses obtained with 300 mM NH4Cl. A: tonic responses of WT and TRPM5 KO mice and WT and TRPV1 KO mice to RTX. All mean normalized tonic 100 mM NaCl ϩ 5 M Bz CT responses in TRPM5 KO and TRPV1 KO mice in the absence and presence of RTX were significantly smaller than their corresponding values in WT mice (P Ͻ 0.0001, paired). B: normalized phasic 100 mM NaCl ϩ 5 M Bz CT responses of WT, TRPM5 KO, and TRPV1 KO mice in the absence and presence of 1 M RTX. Values are means Ϯ SE of 3 animals. *P ϭ 0.0434; **P ϭ 0.0094; ***P ϭ 0.0009; ****P ϭ 0.0001 (unpaired). Also shown is the mean normalized value of the mechanical rinse artifact (Rinse) in 3 TRPM5 KO mice. Normalized phasic 100 mM NaCl ϩ 5 M Bz CT responses in the absence of RTX in TRPV1 KO and TRPM5 KO mice and in the presence of 1 M RTX in TRPV1 KO mice were not significantly different from the normalized value of the mechanical rinse artifact (P Ͼ 0.05).
preference tests, TRPM5 KO mice were indifferent to NaCl concentrations between 18 and 75 mM, whereas WT mice tended to prefer these concentrations of NaCl (7). Both genotypes avoided NaCl concentrations between 300 and 600 mM, with TRPM5 KO mice showing slightly diminished avoidance relative to WT mice. In brief-access tests, WT mice showed aversion to 100 -1,000 mM NaCl, and TRPM5 KO mice showed aversion to Ն200 mM NaCl. The KO mice showed decreased aversion to 100 -1,000 mM NaCl relative to the WT mice. This relationship is also observed between different strains of mice. A/J mice, which show spontaneously greater amiloride-insensitive NaCl CT responses than C57BL/6J mice, were also behaviorally different from control mice. C57BL/6J mice preferred 25 mM NaCl over water, whereas A/J mice consumed water and 25 mM NaCl equally. At higher concentrations (75 and 225 mM), both genotypes had identical NaCl preferences (47) . Since differences between test and control animals are observed at low and high NaCl concentrations, it is likely that additional amiloride-and Bz-insensitive salt taste receptors are involved in sensing low and high salt concentrations. A transmembrane channel-like (tmc-1) gene that encodes a Na ϩ -sensitive channel is required for salt chemosensation in Caenorhabditis elegans (4) . In contrast, in mice, high salt sensing seems to involve the two primary aversive taste pathways as a result of activation of the sour and bitter tastesensing taste bud cells (35) .
In contrast to the above-mentioned studies, using briefaccess tests, Zhang et al. (50) reported no differences between WT and TRPM5 KO mice in behavioral responses to 0.3 and 1.0 M NaCl. In a recent study (35) , water-deprived WT and TRPM5 KO mice showed robust dose-dependent behavioral aversion to 250 and 500 mM NaCl in the presence of 30 M amiloride and to 250 and 500 mM KCl. In a two-response operant discrimination test, WT and TRPV1 KO mice demonstrated similar detection thresholds for NaCl and KCl (48) . Using a condition taste aversion generalization procedure, Smith et al. (45) showed that LiCl-injected WT and TRPV1 KO mice learned to avoid NaCl ϩ amiloride relative to controls, but their generalization profiles did not differ; LiClinjected mice avoided the non-Na ϩ salts and quinine. The lack of behavioral differences between WT and KO mice (TRPV1 and TRPM5) may be due to acquisition of salt quality information from other taste receptive fields that may also express different Bz-insensitive salt taste receptors. For example, NaCl responses in the glossopharyngeal nerve that originate in the posterior taste field containing circumvallate papillae are amiloride-insensitive (22) . It is also likely that behavioral studies in the presence of TRPV1 and TRPM5 agonists may be useful in resolving the differences between various studies (41) . In two-bottle 48-h preference tests, a "kokumi"-taste active peptide produced biphasic effects on NaCl preference in C57BL/6J mice and on the Bz-insensitive NaCl CT response (41) . MRPs and N-geranylcyclopropylcarboximide produced biphasic effects on the Bz-insensitive NaCl CT response in rodents and also on salt sensory evaluation in humans (11, 20) . However, significant behavioral differences from WT mice for high concentrations of NaCl and KCl were observed only in double-mutant mice in which polycystic kidney disease 2-like 1-expressing cells were silenced and TRPM5 was mutated (35) . These double-mutant mice showed no salt aversion even at concentrations at which controls are strongly repelled.
Possible interactions between TRPV1/TRPV1t and TRPM5.
The amiloride-sensitive Na ϩ channels appear to be expressed in cells that lack voltage-gated inward currents, likely the type I taste cells (49) . ␣-ENaC has been shown to be expressed in cells that are distinct from the sweet-, bitter-, and umamisensing TRCs (3). The conditional ␣-ENaC KO mice lacking ␣-ENaC only in salt-sensing TRCs retained all responses to non-Na ϩ salts. These results demonstrate that amiloride-sensitive Na ϩ -specific (ENaC-dependent) and amiloride-insensitive nonspecific salt taste responses are mediated by genetically separable components (3). Consistent with this, RTX only modulated the CT responses to NaCl ϩ Bz and did not alter CT responses to bitter (quinine), sweet (sucrose), and acidic (HCl) stimuli (26) . However, the paracrine or autocrine signaling events through which changes in TRPM5 activity modulate the Bz-insensitive NaCl CT response are not known. The Bzinsensitive NaCl CT response was unaffected by elimination of PLC␤ 2 enzyme activity (Fig. 8) . This suggests that a subset of taste cells with type II cell membrane properties but without PLC signaling components (49) may be involved in the regulation of the putative TRPV1-dependent Bz-insensitive NaCl CT response.
In rats, TRPV1 protein expression has been observed in the epithelium facing the oral cavity, although taste cells seemed to be devoid of TRPV1. The fungiform papillae are rich in TRPV1-immunostained fibers, which are localized around the taste buds, and some of these fibers actually enter taste buds. Most TRPV1 fibers show immunoreactivity for substance P, while approximately half of the TRPV1 fibers are positive for calcitonin gene-related peptide (14, 18, 21) . It has been reported that the neuropeptides CCK and substance P increase rat CT responses to NaCl (13) . These and other peptides and modulators of the Bz-insensitive NaCl response released from TRPV1-containing nerve fibers around the taste buds could directly or indirectly modulate the Bz-insensitive NaCl CT response in the presence of TRPV1 agonists in rats and mice (43) . In contrast, human taste cells have been shown to express TRPV1 (16, 17) . This raises the possibility that TRPV1 agonists may be able to directly modulate the Bz-insensitive NaCl CT response specifically by interacting with TRPV1t in human taste cells. Further studies are needed to resolve these issues.
In summary, the data presented here suggest that, at low NaCl concentrations, the constitutive Bz-insensitive NaCl CT response and its modulation by putative TRPV1t agonists are dependent on TRPM5 activity but are independent of PLC␤ 2 activity in a subset of TRCs (49) . This pathway seems to be different from the classical bitter, sweet, and umami taste transduction pathway, which shows a strict requirement for PLC␤ 2 and TRPM5 (50) .
